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Transport mechanismIn anaerobically grown bacteria, transport of nitrite is catalyzed by an integral membrane protein of the form
ate–nitrite transporter family, NirC, which in Salmonella typhimurium plays a critical role in intracellular vir-
ulence. We present a functional characterization of the S. typhimurium nitrite transporter StmNirC in native
membrane vesicles as well as puriﬁed and reconstituted into proteoliposomes. Using an electrophysiological
technique based on solid supported membranes, we show nitrite induced translocation of negative charges
into proteoliposomes reconstituted with puriﬁed StmNirC. These data demonstrate the electrogenicity of
StmNirC and its substrate speciﬁcity for nitrite. Monitoring changes in ΔpH on everted membrane vesicles
containing overexpressed StmNirC using acridine orange as a pH indicator we demonstrate that StmNirC
acts as a secondary active transporter. It promotes low afﬁnity transport of nitrite coupled to H+ antiport
with a pH independent proﬁle in the pH range from 6 to 8. In addition to nitrite also nitrate is transported
by StmNirC, but with reduced ﬂux and complete absence of proton antiport activity. Taken together, these
data suggest a bispeciﬁc anion selectivity of StmNirC with an ion speciﬁc transport mode. This may play a
role in regulating nitrite transport under physiological conditions.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Nitrogen oxides, such a nitrates (NO3−), nitrites (NO2−) and nitric
oxide (NO), play an important role in all living species. Nitrite,
among its other roles in the biological nitrogen cycle, is used as an
electron acceptor by enteric bacteria in an oxygen depleted environ-
ment [1]. In Escherichia coli (E. coli), nitrite is produced by nitrate re-
duction employing three different nitrate reductases, nitrate
reductases A and Z with active sites located in the cytoplasm and a
periplasmic nitrate reductase (Nap) [2,3]. Nitrite is further reduced
to ammonia in the cytoplasm by the NADH-dependent nitrite reduc-
tase (NirBD) or in the periplasm by the cytochrome c nitrite reductase
(NrfA) [4–7].
The cytoplasmic membrane represents a natural barrier for pas-
sive diffusion of anions, such as nitrate and nitrite. Therefore, a specif-
ic transport system is required. In E. coli, three different nitrate andmaximum inhibitory concen-
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l rights reserved.nitrite speciﬁc transporters are known, NarK, NarU and NirC. NarK
and NarU are integral membrane proteins and members of the
major facilitator superfamily (MFS). NarK proteins have been identi-
ﬁed in a number of organisms, forming a distinct subfamily. Bacterial
NarK homologs have been further divided into two subfamilies,
NarK1-like transporters acting as nitrate/proton symporters and
NarK2-like functioning as nitrate/nitrite antiporters [8–11]. NarU, a
member of the NarK2-like subfamily, was proposed to function as a
nitrate/nitrite antiporter, or, more likely, as a nitrate/H+ or nitrite/
H+ channel. NarU provides a selective advantage over NarK during
slow or nutrient-limiting growth [8,9,12,13]. The third protein, NirC,
belongs to the formate–nitrite transporter family (FNT) and was pro-
posed to facilitate both, nitrite export and nitrite import [13].
Recently, it was shown that NirC is directly involved in the intra-
cellular virulence of Salmonella typhimurium (S. typhimurium) by
importing nitrite of the host. It was speculated that nitrite can be
re-reduced to NO in the Salmonella containing vacuoles so that the re-
moval of nitrite will reduce the amount of NO produced [14]. Thus,
the NO response and the inducible NO synthase (iNOS) induction in
IFN-γ activated macrophages are down regulated. Indeed, the NirC-
knockout Salmonella showed a substantial decrease in the NO-
dependent intracellular proliferation in macrophages and in all tested
tissues of mice [14].
The nitrite transporter (NirC), the formate efﬂux transporter
(FocA) and other members of the FNT family were found in Gram-
negative and Gram-positive bacteria, in archaea and yeasts. Bacterial
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it 6 putative transmembrane helical segments (TMSs) and probably
function as transporters of structurally related oligoatomic anions,
such as formate and nitrite. In most cases, the substrate transport
mechanism and its driving force are unknown. Recently, the structure
of FocA from Vibrio cholerae and E. coli was determined at 2.13 and
2.25 Å resolutions [15,16]. Both FocA proteins revealed a ﬁve-pore
homopentameric architecture which surprisingly showed similarities
in TMS packing to the water channel AqpZ and/or the glycerol chan-
nel GlpF. Biochemical investigations revealed that formate transport
is independent of ΔpH and other ion gradients. This result suggests
that FocA probably functions as a bidirectional channel or a uniporter,
rather than a transporter [16]. The amino acid sequence of StmNirC
and FocA possesses 29% identity and 44% similarity.
Here we report NO2−/H+ antiport activity in everted membrane
vesicles isolated from the E. coli ΔnirC ΔnarU ΔnarK strain containing
overproduced StmNirC. Electrophysiological studies of puriﬁed
StmNirC reconstituted in proteoliposomes demonstrate that StmNirC
can function as an electrogenic transporter moving NO2− downhill
its concentration gradient. In addition, we show that StmNirC is also
able to transport NO3− with reduced or no coupling to H+ antiport.
2. Material and methods
2.1. Bacterial strains and culture conditions
All molecular cloning work was carried out in the E. coli DH5α
strain (New England Biolabs) and heterologous protein production
in E. coli BL21(DE3) (New England Biolabs). Strain E. coli JCB4518
[RK4353 ΔnapA-B ΔnarZ::Ω ΔnarK::tet ΔnarU::kan ΔnirC::cam] was
kindly provided by J. Cole (University of Birmingham, [8]). Strain
E. coli Δ2 is a derivative of MG1655 containing ΔclcA and ΔclcB
(formally named eriC and mriT) deletions and was kindly provided
by C. Miller (Brandeis University, [17]). All cells were grown in Luria
Bertani (LBGlu, 0.5% (w/v) yeast extract, 1% (w/v) tryptone, 1% (w/v)
NaCl) medium supplemented with 0.5% (w/v) glucose and 2% (w/v)
agar for agar plates. Selection pressure during cloning steps and protein
production was retained by addition of 100 μg/ml ampicillin.
2.2. Cloning and heterologous production of StmNirC and StmPutP
The gene coding for S. typhimurium NirC (locus STM3476,
# P25926) was ampliﬁed from genomic DNA of S. typhimurium LT2
employing standard PCR using KOD Hot start DNA polymerase (Nova-
gen), downstream primer (5′ ATGGATCCTGTTTACAGACACTATCA 3′)
including BamHI cloning site (underlined) and upstream primer
(5′ ATGAATTCAC ATTATTGGCAGCAGCC 3′) including EcoRI cloning
site (underlined). The PCR product was cloned into pJET1 vector
(Fermentas) employing the Gene Jet PCR cloning kit (Fermentas) in
the ﬁrst step and subcloned via BamHI and EcoRI sides into the expres-
sion plasmid pTTQ18-C3 described elsewhere in the second step [18].
The cloning procedure yielded a chimaeric gene coding for a fusion pro-
tein containing a His-tag with a TEV protease cleavage site at the 5′ end
and Strep-tag II at the 3′ end under the control of the tac promoter. The
correctness of the constructed expression vector, pTTQ18-C3#StmNirC
was veriﬁed by restriction analysis and sequencing.
For the expression screening and production of StmNirC, pTTQ18-
C3#StmNirC and pTTQ18-C3 (control, empty vector) plasmids were
used to transform electro-competent cells of strain E. coli
BL21(DE3). Transformed cells were cultivated in 150 ml of LBGlu
+Amp medium supplemented with 100 μg/ml ampicillin over
night. Overnight pre-culture was used for inoculation (25 ml of pre-
culture per 2 L) of 12 L of pre-warmed LBGlu+Amp media in 5 L baf-
ﬂed shake ﬂask (2 L per ﬂask). The culture was incubated at 37 °C
under 120 rpm agitation for 2.5 h to A600 0.5–1 (Spectrophotometer
BioMate 3, Thermo Spectronic, USA), and protein production wasinduced by addition of 0.5 mM IPTG at 37 °C for 0.5 h and under
slow cooling down to 25 °C for next 3 h. Then the culture was centri-
fuged, the cell sediment frozen using liquid nitrogen and stored at
−80 °C. The S. typhimurium gene coding for PutP (locus STM1125,
# P10502) was ampliﬁed and cloned by the same procedure as
StmNirC. pTTQ18-A2 was used as expression plasmid [18] with the
tac promoter at the 5′ end for in-frame fusion of StmPutP and the
TEV protease cleavage site followed by a His-tag at the 3′ end. Over-
production was done similarly as for StmNirC, with the difference
that culture was kept at 37 °C for only 2 h after induction.
2.3. Membrane preparation and puriﬁcation of StmNirC and StmPutP
To prepare total membranes, cell sediments were thawed on ice
and suspended in 300 ml of breaking buffer (50 mM Tris–HCl,
150 mM NaCl, 5% (v/v) glycerol, 10 mM EDTA, adjusted with HCl to
pH 7.4, 1× complete-protease inhibitor cocktail). Cells were dis-
rupted using an M-110 L Microﬂuidizer processor (Microﬂuidics) at
13,000 psi and cell debris was removed at 4 °C by centrifugation at
15,000 g for 20 min. Membranes were then sedimented (140,000 g,
1.5 h, 4 °C) and homogenized in a glass potter homogenizer in
40 ml of storage buffer (50 mM Tris–HCl, 250 mM NaCl, 15% (v/v)
glycerol adjusted with HCl to pH 7.4). The total protein content was
measured using the bicinchoninic acid assay (Uptima), adjusted to
20 mg/ml and stored in 5 ml aliquots at −80 °C.
Each aliquot of membranes was diluted twofold with SNi binding
buffer (50 mM Tris–HCl pH 8, 250 mM NaCl, 6% (v/v) glycerol), solu-
bilized by addition of n-dodecyl-β-D-maltoside (DDM) (ﬁnal concen-
tration 1.2% (w/v), Glycon Biochemicals, Luckenwalde) and incubated
at 4 °C with slow inverting for 1 h. Insoluble membrane material was
sedimented by centrifugation (180,000 g, 30 min, 4 °C). The superna-
tant was incubated (1 h at 4 °C) with the equilibrated nickel-
nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen, 0.5 ml per
200 mg of total proteins) to bind the target proteins. The mixture
was loaded on a gravity column, washed with 20 column volumes
(C.V.) of WNi buffer (50 mM Tris–HCl pH 7.4, 0.4 M NaCl, 5% (v/v)
glycerol, 25 mM imidazole and 0.02% (w/v) DDM) and the protein
was eluted with 5–10× CV of elution buffer (20 mM Tris–HCl pH
7.4, 350 mM NaCl, 200 mM imidazole pH 8 and 0.02% (w/v) DDM).
To remove the His-tag, the eluted protein was digested with an excess
of ProTEV (Tobacco Etch Virus, TEV) protease (Promega, 10 U/ml of
eluted protein) and dialysed against D buffer (20 mM Tris–HCl pH 8,
350 mM NaCl, 0.02% (w/v) DDM) overnight at 4 °C. To remove free
His-tag and the TEV protease, the protein cleavage mixture was
passed through a Ni-NTA agarose column and then incubated with
0.5 ml of equilibrated Streptactin Sepharose beads (IBA) under gentle
shaking at 4 °C for 30 min. Beads were collected on a gravity column,
washed with 20× C.V. of WStre buffer (20 mM Tris–HCl, pH 8, 350 mM
NaCl, 0.02% (w/v) DDM) and eluted with 5 C.V. of WStre buffer supple-
mented with 15 mM D-Desthiobiotine (Sigma). All fractions were an-
alyzed on SDS-PAGE gels and by Western blotting. The protein
content in elution fractions was measured using the Bradford kit
(Bio-Rad). Protein homogeneity was analyzed by gel ﬁltration chro-
matography employing SMART system (Amersham Pharmacia) with
a Superdex™ 200 PC 3.2/30 column (GE Healthcare) equilibrated
with WStre buffer. The membranes containing StmPutP were prepared
and solubilized by the same procedure as described for StmNirC.
StmPutP was puriﬁed by a one-step Ni-afﬁnity column similarly as it
was done for StmNirC and eluted with 2–3× CV of elution buffer
(20 mM Tris–HCl pH 7.4, 500 mM NaCl, 200 mM imidazole (unequili-
brated) and 0.02% (w/v) DDM).
2.4. Formation of proteoliposomes
Reconstitution of StmNirC into lipososmes was carried out using
E. coli polar phospholipids (Avanti Polar Lipids, Alabaster, AL) as
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100 mM KPi(NaOH) pH 7.0, and 1% (w/v) β-D-octyl glucoside) was
combined with 1.5 ml of a solution of solubilized protein (~1 mg/ml
in 0.02% (w/v) DDM) leading to a lipid/protein weight ratio of ~5. De-
tergent was removed with biobeads (SM2). The preparation was fro-
zen at −80 °C and thawed and sonicated before use.
2.5. SSM-based electrophysiology
Electrophysiological measurements were performed using SSM
based electrophysiology (SSM = solid supported membrane) as de-
scribed previously [20]. Proteoliposomes were adsorbed to an octade-
canethiol/diphytanoyl-phosphatidylcholine hybrid bilayer on a gold
surface (the SSM). The solution exchange protocol consisted of
three phases (nonactivating–activating–nonactivating solution) of
0.5 s duration. The activating solution contained a substrate (NO2−
or NO3−) at a given concentration while the nonactivating solution
contained the inert anion Cl− at the same concentration. Total salt
concentration was kept constant by adding the appropriate amount
of KCl. For detailed buffer composition see legend of Fig. 2. Transient
currents were recorded when switching from the nonactivating to the
activating solution using a current ampliﬁer (gain 109–1010 V/A, low
pass ﬁlter rise time 10 ms).
2.6. Isolation of everted membrane vesicles and NO2/H
+ antiport
ﬂuorescent assay
The everted internal membrane vesicles were prepared accord-
ing to Rosen [21]. The E. coli BL21(DE3), JCB4518 (ΔnirC ΔnarU
ΔnarK) and Δ2 (ΔclcA ΔclcB) strains transformed with pTTQ18-
C3#StmNirC or pTTQ18-C3 (empty plasmid, negative control) plas-
mids were grown in 25 ml of LBGlu+Amp medium at 37 °C
overnight. This pre-culture was used for inoculation of 2 L of pre-
warmed LBGlu media in 5 L bafﬂed shake ﬂasks. The culture was
incubated at 37 °C for 2.5 h under 120 rpm agitation and induced
by addition of 0.5 mM IPTG for 2 h at 37 °C. Cells were sedimented
by centrifugation and washed with ice-cold deionized water and
TCS buffer (10 mM Tris-Cl pH 7.4, 0.14 M choline chloride, 0.25 M
saccharose, 5 mM MgCl2). Cells suspended in minimal volume of
TCS buffer supplemented with 0.1 U/ml Benzoase (Novagen) were
disrupted by a single passage through a French press cells at
10,000 psi. Unbroken cells were separated by centrifugation
(5000 g, 10 min, 4 °C). The everted vesicles were sedimented by
centrifugation (100,000 g, 1 h, 4 °C) and suspended in TCS buffer
using a glass potter homogenizer. Total protein concentration was
analyzed using BCA assay and 1 ml aliquots were frozen using liq-
uid nitrogen and stored at −80 °C.
The antiport activity was determined using the method de-
scribed by Rosen [21]. The assay is based on monitoring the
changes in ΔpH which are induced by activation of proton pumping
of the respiratory chain or by the H+ antiport activity of trans-
porters. The ﬂuorescence of acridine orange, a ﬂuorescent lipophilic
probe sensitive to pH changes, is quenched by acidiﬁcation and
dequenched by alkalization of the environment. Unless indicated
otherwise, the assay was carried out in a reaction mixture
(1.5 ml) consisting of TCS buffer containing 2.5 μM acridine orange
(Eastman Organic Chemicals, Rochester, N.Y.) and 150–180 mg of
total protein in everted vesicles. Proton pumping of the respiratory
chain was induced by addition of 10 mM Na-DL-Lactate (Fluka),
resulting in acidiﬁcation of the vesicular interior and ﬂuorescence
quenching which was monitored till steady state was achieved. Pro-
ton antiport was induced by addition of 10–80 mM KNO2 (or
NaNO2) and the increase of the ﬂuorescence (dequenching) was
recorded until a new steady state was obtained. All ﬂuorescence
measurements were performed with a Hitachi F-4500 ﬂuorescence
spectrophotometer in time-scan conﬁguration, with an excitationwavelength of 430 nm and an emission wavelength of 530 nm.
Slit width was 10 nm for both excitation and emission. To analyze
the effect of pH on the antiport activity, BTS-CS buffer (10 mM
1,3-Bis[tris(hydroxymethyl) methylamino] propane (BTS), pH 6–9,
0.14 M choline chloride, 0.25 M saccharose, 5 mM MgCl2) was
used as reaction mixture. The H+ antiport activity was measured
after addition of 5 μM valinomycin and 0.1 μM nigericin.
As previously reported, the ﬁnal level of ﬂuorescence dequenching
is a good estimate of the antiport activity [22,23]. Therefore, the con-
centrations of ions producing half-maximal dequenching are a good
approximation of the apparent Km values. Dequenching data were an-
alyzed using the Hill equation and apparent Km and Vmax values were
determined using the linear Lineweaver–Burk plot. For calculation of
the Ki, the equation of Cheng and Prusoff [24] was used. All measure-
ments were repeated at least three times with almost identical
results.
2.7. Sample analysis and intensity measurements
All samples were analyzed by SDS-PAGE using 18% polyacryl-
amide gels stained by Coomassie Brilliant blue according to the
protocols described by Gallagher [25]. Western blot analysis was
done according to standard protocols [26]. Blotted proteins were
detected employing a streptavidine conjugated with alkaline phos-
phatase (Amersham) according to the manufacturer's instructions.
Immunopositive proteins were visualized by employing chromo-
genic assays with 5-bromo-4-chloro-3′-indolyphosphate p-
toluidine salt (BCIP) and Nitro-Blue tetrazolium chloride (NBT),
according to the manufacturer's instructions. The total protein con-
tent of the membrane aliquots was determined with the bicincho-
ninic acid assay (Uptima) using bovine serum albumin (BSA) as
standard. The protein concentrations in the fractions obtained dur-
ing the puriﬁcation procedures were determined using the Quick
start Bradford protein assay (Bio-Rad Laboratories GmbH). To
quantitatively compare the yields of the puriﬁed proteins, identical
volumes (15 μl) of the samples were subjected to SDS-PAGE and
Western blotting. Gels and blots were scanned and the bands
representing the target proteins were measured for relative inten-
sities (densities) on the gray-scaled pictures by the Quantity One
1-D analysis software (Bio-Rad Laboratories Inc.). The difference
and ratio of the protein yield were calculated from relative
intensities.
3. Results
3.1. Overproduction, puriﬁcation and reconstitution of StmNirC
StmNirC, the nitrite transporter of S. typhimurium, was overpro-
duced in E. coli BL21(DE3) cells under aerobic conditions. The amount
of overproduced StmNirC in whole cells was 1–2 mg per L of bacterial
culture as estimated by Western blot. Isolated membrane fragments
contained ~46% of the overproduced StmNirC. The rest of the protein
was found in inclusion bodies in the cytoplasm (data not shown).
StmNirC was puriﬁed from the membranes by a three step procedure.
The ﬁrst step used nickel afﬁnity chromatography. A typical puriﬁca-
tion from 5 L of culture yielded ~1.5 mg of StmNirC with many con-
taminating proteins bound unspeciﬁcally to the column as assessed
by Coomassie stained PAGE (Fig. 1A, lane 1). The second step involved
a TEV protease cleavage (removing the His-tag) followed by a second
Ni-NTA afﬁnity puriﬁcation. This step left all the contaminating pro-
teins bound to the column and the “His-tag-less” StmNirC was eluted
(Fig. 1A, lane 2). It is apparent that after this step StmNirC was almost
pure. To remove the TEV protease, Strep-tag afﬁnity chromatography
was used as a third step yielding ~0.75 mg of StmNirC (Fig. 1A, lane 3)
as conﬁrmed by Western blot (Fig. 1A, lane 4). The puriﬁed protein
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Fig.1. Puriﬁcation, gel ﬁltration and reconstitution of StmNirC. A, StmNirC solubilized in DDM was puriﬁed by three steps: as the ﬁrst step Ni-afﬁnity chromatography (20 μg of pro-
tein, lane 1), followed by TEV digestions and a second Ni-afﬁnity puriﬁcation (~8 μg of protein, lane 2) and a ﬁnal StrepTactin afﬁnity chromatography (10 μg of protein, lane 3).
Every puriﬁcation step was controlled by SDS-PAGE (18% acrylamide) and Commassie-Blue staining. Lane 4 shows a Western blot of StmNirC after the last elution step (10 μg of
protein) using Streptavidin conjugated with alkaline phosphatase. B, Gel ﬁltration proﬁle of StrepTactin-eluted StmNirC (25 μg of protein) employing a Superdex 200 PC 3.2/30 col-
umn. C, Freeze-fracture electron micrograph of a proteoliposome. Scale bar represents 1 μm.
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chromatography (Fig. 1B).
Puriﬁed StmNirC was reconstituted into liposomes of E. coli polar
lipids as described in Material and methods. Successful reconstitution
was veriﬁed by freeze fracture electron microscopy (Fig. 1C). The
small bumps on the surface of the proteoliposomes represent recon-
stituted StmNirC.
3.2. Electrophysiological characterization of puriﬁed StmNirC
in proteoliposomes
Proteoliposomes containing reconstituted StmNirC were immo-
bilized on the SSM and charge transport after rapid substrate addi-
tion (NO2− or NO3−) was recorded by capacitive coupling [20]. In
agreement with NO2− or NO3− transport into the proteoliposomes
negative transient currents were observed (Fig. 2). The currents
were clearly dependent on the NO2− or NO3− concentrations
(Fig. 2) but only slightly dependent on pH in the pH range 5–8
(data not shown).
The transient currents decay with a rapid phase (time
constant~10 ms) and a slow phase (~50 ms). The rapid phase corre-
sponds to a fast charge displacement after the solution exchange. As
will be substantiated below it is most probably an artifact generated
by the interaction of the anions (NO2− or NO3−) with the SSM. Anions
interact strongly with lipid head groups generating transient currents
on the SSM [27]. The slow decay phase is assigned to charging of the
proteoliposomes due to the stationary activity of the transporter [20]
as proposed previously [28].
Using the electrical properties of the SSM the original transport
current can be reconstructed from the measured transient current
[29]. The resulting reconstructed current is shown for the highest
concentration (100 mM) of the substrate anions. In both cases, for
NO2− and NO3−, a transient current followed by a phase of stationary
current is obtained. The stationary current represents the continuous
transport activity of the StmNirC transporter which is higher in the
case of NO2− but still not negligible for NO3−.
The right hand panels of Fig. 2 show the substrate dependen-
cies. To correct for artifacts the currents were determined with
StmNirC proteoliposomes (signal, ﬁlled squares) and with proteoli-
posomes reconstituted with StmPutP instead (control, open
squares, see also Supplementary data). The corrected peak cur-
rents, signal minus control, are shown in red and were analyzed
using a hyperbolic function. The half saturation concentration Kmdetermined for NO2− and NO3− were 2.9 and 12 mM, respectively.
These data show that for NO3− as a substrate the current at satu-
rating anion concentration is smaller and the apparent afﬁnity is
lower. In fact, the corrected current at 100 mM substrate is ap-
proximately of the size of the stationary current determined by
the reconstruction procedure. Therefore, we conclude that the
transient phases of the reconstructed currents are most probably
artifact currents while the stationary currents represent the activi-
ty of StmNirC.
3.3. H+ transport of StmNirC in native membranes
The SSM measurements show an accumulation of negative
charges in the proteoliposomes which is in agreement with an
anion uniport mechanism or anion/H+ antiport. To examine whether
StmNirC catalyses NO2−/H+ transport, we prepared everted mem-
brane vesicles [21] containing overproduced StmNirC. In these vesi-
cles the cytoplasmic surface faces the outer medium [30–32].
Changes in ΔpH were monitored using acridine orange, a ﬂuores-
cence probe of pH. In a typical measurement, the addition of the re-
spiratory substrate, lactate, to everted membrane vesicles
(downward-facing full arrow in Fig. 3A) initiated respiration and gen-
eration of a ΔpH (acidic inside) as monitored by quenching of the
ﬂuorescence. Addition of NO2− caused an exponential increase of ﬂuo-
rescence (dequenching, see downward-facing empty arrow in
Fig. 3A), reﬂecting proton efﬂux and alkalization of the interior. The
new steady state was reached within 120 s and produced ~95%
dequenching of the ﬂuorescence signal at saturating NO2− concentra-
tions. These experiments were carried out in the presence of 140 mM
chloride, which is a permeant ion dissipating the membrane potential
of E. coli vesicles [33]. As expected, therefore, the addition of valino-
mycin (potassium ionophore) had no effect on NO2− (K+ salt) in-
duced dequenching (data not shown). On the other hand, the
addition of nigericin (in the presence of K+), a K+/H+ exchanger,
during the NO2−-induced ﬂuorescence change (upward-facing
empty arrow II in Fig. 3B) caused an immediate and complete
dequenching, due to the rapid adaptation of the intravesicular pH to
the pH of the external solution.
It is known that nitrite is used as a substrate by various trans-
porters and enzymes coupled to proton translocations [1,34,35].
Therefore, it was essential to exclude these activities from our assay.
For this purpose we assayed everted membrane vesicles isolated
from cells of different strains: E. coli BL21(DE3) (production strain,
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Fig. 2. Charge transport by StmNirC investigated by SSM-based electrophysiology. A, B) Transient currents using StmNirC proteoliposomes after a NO2− concentration jump at dif-
ferent NO2− concentrations (in mM, see numbers in the ﬁgure). The activating solution contained×mM KNO2 plus 100-× mM KCl, the nonactivating solution 100 mM KCl both in
100 mM KPi(NaOH) pH 7 buffer. ~0.55 s after the start of the solution exchange protocol the activating solution reached the SSM with immobilized StmNirC proteoliposomes gen-
erating a negative transient current. The dotted line is the reconstructed transporter current. B) NO2− concentration dependence of the peak currents. Square symbols (dotted line is
a guide to the eye): averaged peak currents (n=3, error bars indicate±S.D.) obtained at different NO2− concentrations using proteoliposomes (■) and empty liposomes (□). Red
bullets (red line is a hyperbolic ﬁt to the data): peak currents generated by StmNirC (proteoliposomes — empty liposomes). C, D) Transient currents after a NO3− concentration jump
at different NO3− concentrations. The activating solution contained×mM KNO3 plus 100-× mM KCl, the nonactivating solution 100 mM KCl both in 100 mM KPi(NaOH) pH 7 buffer.
Symbols and lines as in A, B) but using NO3− as a substrate. D) NO2− concentration dependence of the peak currents.
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(ΔnirC ΔnarU ΔnarK). Both strains exhibited a similar but smaller
NO2−/H+ antiport-like activity (Fig. 3C, full triangle and circle)
which amounted to 41% of the activity of the BL21(DE3) strain
expressing StmNirC (Fig. 3C, down oriented triangle). This “back-
ground” NO2−/H+ antiport-like activity reached steady state within
60 s.
Furthermore, overexpression of StmNirC in the ΔnirC ΔnarU ΔnarK
deletion strain exhibited a NO2−/H+ antiport activity (data not
shown), which was almost identical with the activity obtained for
BL21(DE3) with overproduced StmNirC. These results conﬁrm that
StmNirC exhibits NO2−/H+ antiport activity and show its major partic-
ipation in this activity in E. coli membranes containing overproduced
StmNirC.
3.4. Kinetic characterization of the NO2
−/H+ antiport activity of StmNirC
The StmNirC antiport activity was speciﬁc for NO2−. Other anions,
such as Cl− and formate did not change the steady state ﬂuorescence.
It was particularly surprising to observe that also NO3−, which gener-
ates a signal in the electrophysiological experiments, did not lead to a
ﬂuorescence change (see downward-facing empty arrow in Fig. 3D).
On the other hand, the reaction was not speciﬁc for cations, both
the Na+ or K+ salts of NO2− gave the same NO2−/H+ antiport activity.
The NO2−/H+ antiport activity showed a saturable kinetics with an ap-
parent Km of 22±2 mM (Fig. 3E). To prevent variations in intravesi-
cular volume by high osmolarity jumps, concentrations of salts
above 80 mMwere not tested. The NO2−/H+ antiport activity exhibits
a ﬂat pH proﬁle in the range between pH 6 to 8. However, furtheralkalization to pH≥8.5 reduced antiport activity by approximately
25% (Fig. 3F).3.5. NO3
− inhibition of the NO2
−/H+ antiport activity
Addition of equimolar concentration of NO3− to the reaction mix-
ture after or before addition of nitrite completely inhibited the NO2−/
H+ antiport activity (downward-facing empty arrow II in Fig. 4A).
NO3− decreased the NO2− induced dequenching in a dose-dependent
manner. The concentration of NO3− producing half-maximal inhibition
(IC50)was 32 mMat a NO2− concentration of 60 mMand theKi was ap-
proximately 8.8 mM (Fig. 4B). Unfortunately, it was not possible to de-
termine the inhibition mode of NO3−. These results suggest that NO3−
acts as an inhibitor or alternative substrate uncoupling proton trans-
port. Neither Cl− nor formate had any effect on the NO2−/H+ antiport
activity (for Cl− see downward-facing empty arrow II in Fig. 4C).
Interestingly, equimolar concentration of NO3− completely inhib-
ited also the background NO2−/H+ antiport-like activity (data not
shown). A similar behavior was observed for the ClC-ec1 Cl−/H+
antiporter [36]. There it was argued that the transport of NO3− uncou-
ples proton antiport. To exclude the ClC-ec1 activity, we assayed
everted membrane vesicles from the Cl−/H+ antiport deﬁcient strain
(E. coli Δ2, ΔclcA ΔclcB). This strain exhibited NO2−/H+ antiport activ-
ity which was also inhibited by NO3− very similar to ΔnirC ΔnarU
ΔnarK and BL21(DE3) strains (Fig. 3C, full square). These experiments
clearly argue for existence of one or more membrane associated en-
zymes capable of relatively high NO2− driven H+ antiport-like activity
which is inhibited by NO3− in the E. coli membrane.
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Fig. 3. StmNirC shows NO2−/H+ antiport activity in everted membrane vesicles. E. coli BL21(DE3) cells were used for StmNirC overproduction under full aeration followed by iso-
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Considering nitrite ubiquity and metabolic demand in nature the
mechanism and regulation of its transport across the membrane
have received surprisingly little attention. In E. coli membranes,
nitrite was found to be transported by three different transporters,
NarK, NarU and NirC [3,9,13]. Both, export of nitrite produced by
cytoplasmic nitrate reduction and its re-import for further reduction
to ammonia were shown to be largely dependent on NirC which
was found to be up to 10-fold more active than NarK and NarU [13].
Recently, StmNirC, sharing 90% identities with EcoNirC, was demon-
strated to be directly required for the intracellular virulence of
Salmonella in mice [14]. In the present study we report the character-
ization of the transport mechanism of StmNirC.
The results presented in this paper provide the ﬁrst direct demon-
stration of electrogenic NO2−/H+ antiport activity of StmNirC. Recom-
binant His10-TEV- and Strep-tagged StmNirC was overproduced in the
E. coli BL21(DE3) strain (Fig. 1) and subjected to functional character-
ization employing two different techniques: First, SSM-based electro-
physiology, demonstrating translocation of negative charges into the
proteoliposomes containing puriﬁed StmNirC (Fig. 2); second, ﬂuo-
rescence measurements of pH using acridine orange, directly moni-
toring the NO2− induced proton efﬂux from everted membrane
vesicles containing overexpressed StmNirC (Fig. 3). The double strat-
egy demonstrates activity of the puriﬁed transporter in a deﬁned en-
vironment, thus preventing interference with other cellular
components and at the same time allows its characterization in a nat-
ural membrane environment unaffected by the puriﬁcation steps.
4.1. StmNirC is a NO2
−/H+ antiporter
The SSM measurements demonstrate that the addition of NO2−
and NO3− to StmNirC proteoliposomes generates the displacement of
negative charges into the liposomes. Interestingly, NO2− as well as
NO3− is transported, although NO3− has a reduced turnover (~50% of
NO2−) or a different stoichiometry and a 4-fold lower substrate afﬁn-
ity as NO3− (Fig. 2). These data are consistent with the assumption
that StmNirC acts as a bispeciﬁc NO2− and NO3− channel or a uniporter.
They may however also represent NO2−/H+ antiport activity (or even
symport with a nNO2−/H+ (n>1) stoichiometry).
Further experiments presented here provide the ﬁrst direct evi-
dence that StmNirC operates as a NO2−/H+ antiporter, as assayed by
acridine orange ﬂuorescence in everted membrane vesicles. This con-
tention is supported by several lines of experimental evidence: (i) ap-
plying an inwardly oriented NO2− concentration gradient to everted
vesicles (acidic inside) caused a rapid efﬂux of protons as monitored
by alkalization of the vesicle interior (Fig. 3A). (ii) Cations, such as
Na+ or K+ (as NO2− salt) result in an identical rate of proton dissipa-
tion, excluding the participation of cation/proton antiporters in the
observed activity and conﬁrming anion selectivity. (iii) The inwardly
directed concentration gradients of other anions (such as Cl−, SO42−,
NO3− or formate) did not produce any proton dissipation (Fig. 3D),
conﬁrming substrate speciﬁcity for NO2−. These data provide strong
evidence that StmNirC operates as a NO2−/H+ antiporter and they
are in full agreement with the observed nitrite export activity of
EcoNirC [13]. However, the NO2−/H+ antiport mode is not consistent
with NO2− uptake observed for StmNirC and EcoNirC in whole cell ex-
periments [13,14].
These results are surprising since other FocA proteins were sug-
gested to operate as channels or uniporters [15,16,37]. In addition,
the notion that other FNT proteins function as channels is supported
by the observation that the transport of nitrite by EcoNirC is bidirec-
tional and its transport rate is much faster than for other nitrite/
nitrate transporters [13].
Surprisingly, although the electrophysiological measurements
show a translocation of negative charges into the proteoliposomesafter a NO3− concentration jump (Fig. 2), we were unable to observe
any proton dissipation with everted vesicles. A similar behavior was
reported for CLC-ec1, known to transport various inorganic anions
[38,39]. Cl− and Br− are translocated in H+ exchange mode with a
strict stoichiometry (2 anion−/1 H+), while NO3− exhibits weak and
SCN− no measurable proton coupling [36]. Note that the NO3− trans-
port current in the electrophysiological measurements is only 50% of
that of NO2−, which is consistent with the notion that NO2− is trans-
ported in a 1NO2−/1H+ exchange mode (2 charges per turnover)
while NO3− transport is uncoupled from H+ translocation (1 charge
per turnover). This, however, would require the same turnover in
both cases, an information which is not at hand and difﬁcult to obtain.
4.2. Kinetic parameters of StmNirC
The observed apparent half-maximal rate of proton efﬂux of
StmNirC in everted vesicles was obtained at 22±2 mM NO2−
(Fig. 3E). A large discrepancy (approximately 10-fold) is revealed
comparing the Km values obtained by the acridine orange assay
with the electrophysiological measurements (Km=2 mM). This dis-
crepancy is not surprising since in the acridine orange assay the
transporter is driven by the combined forces of ΔH+ and ΔNO2− con-
centration gradients while in SSM-based electrophysiology the driv-
ing force is only ΔNO2−. If, for example, the H+ transport reaction
limits the turnover, a lower Km is to be expected in the absence of a
H+ gradient. Also, a different orientation of StmNirC in the membrane
in the two assays or an inﬂuence of the puriﬁcation and reconstitu-
tion procedure may play a role.
On the other hand, the Km value for NO3− (12 mM) estimated from
the electrophysiological measurements correlates well with the ap-
parent Ki value (8.3 mM) obtained by competitive anion selectivity
experiment on everted vesicles in presence of both NO2− and NO3−
(Fig.4B). Interestingly, in the acridine orange assay NO3− behaves as
an inhibitor of H+ antiport with a higher afﬁnity than observed for ni-
trite (Km=22 mM). The turnover and/or stoichiometry could be dif-
ferent than for NO2−, as observed in our electrophysiological
experiments.
Previously, SCN− was observed to act in a similar fashion, both to
block and still permeate some eukaryotic ClCs [40]. It is apparent that
the phenomena of lower anion selectivity and change of transport
mechanism according to the transported ion are not novel and were
already documented [36,41]. Also, our results might suggest that the
absence of proton coupling to NO3− represents a passive leakage rath-
er than a strict transport.
It has been reported that under conditions (such as the absence of
glucose) where the concentration of NO3− in the environment ex-
ceeds the limits for uptake and its cytoplasmic reductions to ammo-
nia, NO2− is exported to the medium [8,13]. Therefore, we can
speculate that the additional import of NO2− by StmNirC is blocked
by NO3− with higher afﬁnity. This would allow precise regulation of
import and export of nitrite in dependence upon the current avail-
ability of NO3−, thus preventing a toxic accumulation of nitrite in the
cytoplasm.
An important question is whether the obtained Km values of
StmNirC are physiologically relevant. So far, functional data for bacte-
rial orthologs are exclusively available from whole cell studies. Al-
though functional studies for eukaryotic orthologs are limited,
Aspergillus NitA (Km~4 μM, [42]) and Chlamydomonas NAR1.1
(Km~5 μM, [43,44]) appear to be high afﬁnity nitrite transporters.
Chlamydomonas NAR1.2 was shown to be a bispeciﬁc NO2− and
HCO3− transporter. It functions as a high afﬁnity nitrite transporter
(micromolar range) and a low afﬁnity bicarbonate transporter
(millimolar range) when expressed in oocytes [45]. Since NAR1.2 ex-
pression is regulated and strongly dependent on CO2 deprivation [45],
it is likely to preferentially act as a bicarbonate transporter. Hence, the
results presented here lead to the conclusion that the StmNirC
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iological conditions. Although nitrate seems to permeate StmNirC, we
cannot exclude an inhibitory behavior.
4.3. The background NO2
−/H+ antiport-like activity
Nitrite can be used as a substrate by different transporters [35]
and enzymes [34,46]. Therefore, we tried to estimate and exclude
possible “background” activities from our measurements. When we
analyzed the NO2−/H+ antiport activity of everted vesicles lacking
the overexpressed StmNirC (negative control), we found a back-
ground antiport-like activity, representing 41% of the observed total
activity in StmNirC vesicles (Fig. 3C). Despite the fact that the cells
were grown under conditions (aerobic and absence of nitrite and ni-
trate) known to repress the expression of the nir operon [6], identical
data were obtained with vesicles isolated from wild type cells
(BL21(DE3)) or cells deﬁcient (ΔnirC ΔnarU ΔnarK) in nitrate or ni-
trite transport (Fig. 3C). The saturable character of the background ac-
tivity strongly supports the idea of a protein-mediated activity rather
than a passive diffusion of HNO2. The sensitivity to nitrate of the back-
ground NO2−/H+ antiport-like activity can also lead to a similar con-
clusion. Although this sensitivity shows an apparent similarity with
H+ uncoupled transport of NO3− by CLC-ec1 [36], the Cl−/H+ antiport
deﬁcient (ΔclcA ΔclcB) strain exhibits the very same background ac-
tivity (Fig. 3C). Therefore, we do consider it as most likely that the
background activity is catalyzed either (i) by an unknown transport
system or (ii) by one or more enzymes involved in the natural protec-
tion against the nitrosative stress [47]. E. coli possesses several path-
ways to detoxify reactive nitrogen species generated during nitrate
and nitrite metabolism or originating from the external environment
under various conditions [34,46,47].
4.4. Concluding remarks
In this report, we demonstrated that StmNirC acts as a NO2−/H+
exchange transporter when analyzed in inverted membrane vesicles.
The puriﬁed and reconstituted StmNirC in liposomes can transport
both, NO2− and also NO3−. The transport of NO3− has a very low or
no coupling to H+ antiport, suggesting a different mode and/or stoi-
chiometry of the transported anions. These results open a new view
on proteins belonging to FNT family proposed to act as channels.
Our data also raise questions on the mechanism of substrate transport
and its physiological implications which require further studies.
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